Abstract-The potential for Mn oxides to modify the biogeochemical behavior of U during reduction by the subsurface bacterium Shewanella putrefaciens strain CN32 was investigated using synthetic Mn (III/IV [s]) to soluble U(VI) species, with bixbyite being the most rapid oxidant. The Mn(III/IV) oxides lowered the bioreduction rate of U(VI) relative to rates in their absence or in the presence of gibbsite (Al[OH] 3 ) added as a non-redox-reactive surface. Evolved Mn(II) increased with increasing initial U(VI) concentration in the biotic experiments, indicating that valence cycling of U facilitated the reduction of Mn(III/IV). Despite an excess of the Mn oxide, 43 to 100% of the initial U was bioreduced after extended incubation. Analysis of thin sections of bacterial Mn oxide suspensions revealed that the reduced U resided in the periplasmic space of the bacterial cells. However, in the absence of Mn(III/IV) oxides, UO 2 (s) accumulated as copious fine-grained particles external to the cell. These results indicate that the presence of Mn(III/IV) oxides may impede the biological reduction of U(VI) in subsoils and sediments. However, the accumulation of U(IV) in the cell periplasm may physically protect reduced U from oxidation, promoting at least a temporal state of redox disequilibria.
INTRODUCTION
Dissimilatory metal-reducing bacteria (DMRB) couple the oxidation of organic matter or H 2 to the reduction of Fe(III) or Mn(III/IV) and are important catalysts in the linked cycling of C and metals in the environment (Nealson and Myers, 1992; Lovley, 1993; Nealson and Saffarini, 1994) . At circumneutral pH, Fe(III) and Mn(III/IV) oxides are poorly soluble, yet they are accessible, to varying degrees, by respiring DMRB. The mechanisms by which microorganisms access metal oxides during respiration are not well understood. In metal-reducing bacteria such as Shewanella oneidensis strain MR-1, bioreduction may involve direct reduction by c-type cytochromes located in the outer membrane (OM) . Water-soluble quinone-like compounds that function as electron shuttles between the bacterial electron transport system and the oxides may also be important (Newman and Kolter, 2000) . Regardless, it is clear that the reduction of metal oxides by DMRB is constrained to large degree by physical limitations imposed by the solid surface. The process is complex and is influenced, in addition to biologic factors, by mineral properties, including composition, degree of crystallinity and crystal disorder, microheterogeneities, surface area, and free energy constraints (Burdige et al., 1992; Roden and Zachara, 1996; Zachara et al., 1998) .
In contrast to Fe and Mn, U typically exists as a highly soluble ion in oxidized, circumneutral groundwaters, typically as a U(VI) carbonate complex. U(VI) is readily reduced by DMRB under anoxic conditions, resulting in the precipitation of uraninite (UO 2 [s]) (Lovley et al., 1991; Gorby and Lovley, 1992) . The rapid rate of U(VI) reduction by DMRB (Truex et al., 1997) and the relatively low solubility of U(IV) makes bioremediation an attractive option for removing soluble U from contaminated groundwaters (Lovley and Phillips, 1992; Abdelouas et al., 1998) . U cycling and the formation of U roll-front deposits may be due largely to the activity of metalreducing bacteria (Mohagheghi et al., 1985; Lovley et al., 1991) . As part of previous investigations focused on examining the effects of Fe(III) oxides on bacterial reduction, U(VI) carbonate complexes (UO 2 [CO 3 ] 3 4Ϫ [aq] and UO 2 [CO 3 ] 2 2Ϫ [aq] ) were reduced by Shewanella putrefaciens strain CN32 to U(IV) in the absence and presence of goethite (␣-FeOOH[s] ) . Uranium(VI) was also reduced by bacterially reduced anthraquinone-2,6-disulfonate (AQDS), with AH 2 DS being the reduced form in the absence of cells, and by Fe(II) sorbed to goethite in abiotic experiments. In the absence of goethite, uraninite was a major product of direct microbial reduction and reduction by AH 2 DS. These results indicated that DMRB, via a combination of direct enzymatic or indirect mechanisms, reduce U(VI) to insoluble U(IV) in the presence of crystalline Fe(III). These results contrasted with those of Wielinga et al. (2000) , who observed that ferrihydrite inhibited the bioreduction of U(VI) by Shewanella algae strain BrY. Such differences are likely caused by the contrasting bioavailability of Fe(III) in the poorly crystalline and crystalline state as controlled by solid-phase thermodynamics and interfacial elec-tron transfer kinetics. Subtle distinctions of this nature demonstrate the complexity of enzymatic metal reduction.
Given their high redox potentials (Robie et al., 1978) , Mn(III/IV) oxides should be utilized as an electron acceptor before U(VI) during respiration coupled to organic carbon or H 2 oxidation. Among Mn(IV), Fe(III), and U(VI), Mn(IV) generally has the highest half-cell reduction potential, followed by Fe(III) and then U(VI), although the actual potentials are dependent upon chemical form, concentration, and other factors such as pH. However, differences in solubility and electron transfer kinetics could affect the relative utilization of these metals as electron acceptors. In addition, Mn(III/IV) oxides have the thermodynamic potential to oxidize U(IV). Mn(III/IV) and Fe(III) oxides coexist in many subsurface materials, including Pliocene fluvial sediments of the Ringold Formation on the U.S. Department of Energy's (DOE) Hanford Site in south central Washington (Zachara et al., 1995) and in soils and subsoils at the DOE's Oak Ridge Reservation in eastern Tennessee, where significant plumes of U(VI)-contaminated groundwaters exist (e.g., Swanson et al., 1999) . Hence, the presence of these metal oxides has the potential to complicate remediation efforts that involve redox manipulation at these sites. Complex thermodynamic and kinetic considerations make it difficult to predict the behavior of U in soils or sediments containing Mn oxides that are being reduced as a result of microbial respiration. The purpose of this research, therefore, was to investigate the potential for Mn(III, IV) oxides to (a) oxidize biogenic UO 2 (s) and (b) compete with U(VI)(aq) for electron equivalents liberated during the bacterial oxidation of H 2 or lactate by the dissimilatory metal-reducing bacterium S. putrefaciens CN32.
EXPERIMENTAL PROCEDURES

Bacteria, Media, and Minerals
S. putrefaciens CN32 was provided courtesy of Dr. David Boone (Subsurface Microbial Culture Collection, Portland State University, Portland, OR). CN32 was isolated from a subsurface core sample (250 m beneath the surface) from the Morrison Formation in northwestern New Mexico . CN32 was routinely cultured aerobically in tryptic soy broth (TSB), 30 g L Ϫ1 (Difco Laboratories, Detroit, MI), and stock cultures were maintained by freezing in 40% glycerol at Ϫ80°C.
Batch experiments were conducted in 10 mL of 30 mmol/L, pH 7, bicarbonate buffer with H 2 (10 cm 3 ) or lactate (25 mmol/L) as electron donors and N 2 :CO 2 (80:20) headspace. CN32 cells were harvested from TSB cultures at mid-to late log phase by centrifugation, washed twice with 30 mmol/L PIPES buffer and once with pH 7 bicarbonate buffer to remove residual medium. The cells were then suspended in bicarbonate buffer and purged with O 2 -free N 2 . Washed cells were added to obtain a final concentration of 2 to 4 ϫ 10 8 cells mL Ϫ1 . Well-crystallized pyrolusite (␤-MnO 2 , Fig. 1a ) was synthesized by a modification of the method of Stahl and James (1991) (McKenzie, 1971) . The X-ray diffraction (XRD) pattern (Fig. 1b) was characteristic of 0.7 nm birnessite and did not contain identifiable accessory phases (Fig. 1b) . The precipitate was heated at 75°C for 18.5 h and washed and centrifuged with 200 mL of deionized water to remove excess chloride; its surface area was 47.9 m 2 g Ϫ1 . Bixbyite (Mn 2 O 3 , Fig. 1c ) was generated as a result of our attempts to synthesize manganite (MnOOH) using the procedure of Mcardell et al. (1998) . The bixbyite contained a hausmanite impurity (e.g., d ϭ 4.927 Å at 19.2°2 ) and exhibited a surface area of 26.7 m 2 g Ϫ1 . The XRD pattern of bixbyite (Fig. 1c) showed a relatively high base- line and signal-to-noise ratio, factors qualitatively indicative of structural disorder.
Uraninite (UO 2 [s]) was synthesized by reducing uranyl acetate in bicarbonate buffer with S. putrefaciens CN32 and H 2 as the electron donor. The solids were collected and incubated in 10% NaOH for 3 d to digest cells, washed three times in 0.1 mol/L Na-perchlorate and two times in deoxygenated, deionized H 2 O. The resulting solids were analyzed by XRD. The XRD pattern (not shown) exhibited a relatively high signal-tonoise ratio with broad maxima that was consistent with patterns for fine-grained uraninite. The XRD patterns were identical to those previously reported for biogenic UO 2 (s) .
Bacterial Reduction Experiments
The ability of S. putrefaciens CN32 to reduce U(VI), as uranyl acetate, was evaluated in the presence or absence of pyrolusite, birnessite, bixbyite, and gibbsite (Al[OH] 3 ). Oxide slurries were made to concentration in water and mixed thoroughly while removing aliquots. In a typical experiment with 10 mL final volume, 2.5 mL of 34.8 g L Ϫ1 pyrolusite slurry were added to replicate pressure tubes, followed by 4.5 mL of 60 mmol/L NaHCO 3 buffer, 1.0 to 1.9 mL deionized water, and 0.1 to 1 mL of 10 mmol/L U acetate. Tubes were purged with N 2 :CO 2 (80:20) and sealed with thick butyl rubber stoppers. One milliliter of CN32 cell suspension was added from a freshly washed culture of 2 to 4 ϫ 10 9 cells mL Ϫ1 in 30 mmol/L NaHCO 3 using a needle and syringe purged with N 2 :CO 2 . Ten milliliters of H 2 were added using a needle and syringe. All experiments were incubated at 30°C with gyratory shaking at 60 rpm. The predominant aqueous U(VI) species was computed to be UO 2 (CO 3 ) 3 4Ϫ (aq) using MINTEQA2 using the best thermodynamic data compiled by the authors.
Abiotic Experiments With Biogenic UO 2 (s) and Mn Oxides
The kinetics of oxidation of biogenic uraninite (UO 2 [s]) by the Mn(III/IV) oxides were determined in the absence of bacteria. In a typical experiment with 10 mL final volume, 2.5 mL of 34.8 g L Ϫ1 pyrolusite slurry were added to replicate pressure tubes, followed by 5 mL of 60 mmol/L NaHCO 3 buffer and 1.8 mL deionized water. Tubes were purged with N 2 :CO 2 (80:20) and sealed with thick butyl rubber stoppers. Finally, 0.7 mL of a biogenic uraninite suspension (ϳ360 mol/L) were added using a needle and syringe.
Analyses
At selected times, replicate tubes were transferred to an anaerobic (Ar:H 2 , 95:5) glove bag (Coy Laboratory Products, Inc., Grass Lake, MI), and 1 mL of suspension was sampled with a syringe and filtered through a 0.2-m polycarbonate or a 10-K molecular weight cutoff (Pall Filtron Corp., Northborough, MA) filter. This fraction was considered the soluble fraction and analyzed for U(VI) with a kinetic phosphorescence analyzer (Chemchek Instruments, Richland, WA). Mn(II) concentrations were determined by inductively coupled plasma analysis of 0.5 N HCl-or anaerobic 10 mmol/L CuSO 4 -extracted (20 h) samples. The anaerobic CuSO 4 extraction method has been shown to remove Ͼ90% of the ␦MnO 2 -bound Mn(II) in microbially reduced mineral suspensions Nealson, 1985, 1986) . The pH was measured under anaerobic conditions using a Ross combination electrode.
Transmission Electron Microscopy (TEM)
To eliminate the exposure of reduced mineral solids to oxygen, the whole embedding procedure, as well as the thin sectioning on the microtome, was conducted in an anaerobic glove bag (Ar:H 2 , 95:5). Cell-mineral suspensions were gently pelleted by ultracentrifugation, washed in deionized water, and briefly fixed in 2.5% glutaraldehyde. After another wash in anaerobic water, the cell-mineral pellets were gradually dehydrated in ethanol series and infiltrated in LR White embedding resin. Cured blocks were sectioned with a Diatome 35°dia-mond knife using a Reichert Ultracut E ultramicrotome. Ultrathin sections, 50 to 70 nm, were mounted on copper grids with Formvar support film coated with carbon. To preserve the fragile system redox chemistry, staining with usual heavy metal TEM stains was omitted. To partially compensate for the resulting significant decreases in cell contrast, the smallest objective aperture was used for imaging. Sections were examined at 200 kV using a JEOL 2010 HR transmission electron microscope.
X-Ray Absorption Measurements (X-Ray Absorption Fine Structure [XAFS])
The manganese X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EX-AFS) spectroscopic studies (XANES and EXAFS are collectively called XAFS) were performed on the hard X-ray microprobe beamline X26A at the National Synchrotron Light Source (NSLS) (Brookhaven National Laboratory, Upton, NY). Microprobe Mn XAFS data were collected using monochromatic light at the Mn K absorption edge (6.539 keV) on the filtered Mn-containing solids after reaction with biogenic UO 2 (s), the filtered Mn-containing solids after reaction with abiotic UO 2 (s), and the Mn(III/IV)-oxide (pyrolusite, birnessite, and bixbyite) and MnCO 3 (rhodochrosite) reference materials at room temperature. Samples were stored under a reducing atmosphere until analyzed. Samples and reference materials were prepared for XAFS analyses by mounting submilligram sample quantities in a square hole cut from a thin plastic sheet that was sandwiched between two layers of Kapton tape. This type of sample containment permitted the collection of transmission-based XAFS data on Mn oxide particles at locations that had thicknesses of a few Mn oxide particles. In particular, these regions were found at the interfaces between the edges of the square-cut holes and the Kapton. Biologically reduced samples were maintained under anoxic conditions until samples were prepared for a specific beam run. The time between when the samples were inoculated and when the XAFS measurements were made varied between experiments but ranged from 4 to 8 weeks.
The micro-XAFS data were collected in transmission mode using a focused X-ray beam and a channel-cut Si(111) monochromator operating at 2.8 GeV with an average current of 200 3249 Influence of Mn oxides on microbial U(VI) reaction mA. A highly focused monochromatic X-ray beam at the Mn K edge was obtained using microfocusing optics that consisted of a double-elliptical, Pt-coated Kirkpatrick-Baez mirror system. The mirror system was operated at a pitch of 3 mrad to focus a 350 ϫ 350 m 2 monochromatic beam at the Mn K absorption edge down to a 15 ϫ 15 m 2 beam (Smith and Rivers, 1995) . These optics help reject higher order harmonics and fix the focal spot position in conjunction with a variable-exit, channelcut monochromator. Typical measurements were made at locations on the sample mount where the transmittance was constant on a spatial scale of 9 times the size of the X-ray beam and absorption path lengths for microanalysis had an absorption edge step of ϳ1.2 ln units.
Ion chambers were used to collect incident (I o ) and transmission (I t ) signals. Linearity checks of the I o signal and the I t signal indicated that the signal was linear to Ͻ1% for a 50% reduction in I o . The sample stage was rotated to 35°to I o to achieve the magic angle between the surface normal and the plane of polarization of the incoming beam and the sample to eliminate orientation effects of microcrystallites. Mn XAFS data were collected in step sizes of 0.075 Å Ϫ1 , at acquisition times of 28 s, and over an energy range of Ϫ170 to ϩ580 eV above the Mn K absorption edge. Spectra were acquired for up to three replicate samples each of the abiotic and biotic samples, and typically, three scans were acquired for each replicate. The EXAFS data were analyzed from -170 to ϩ560 eV above the Mn K edge. The background contribution to the EXAFS spectra was removed using an algorithm (AUTOBK) developed by Newville et al. (1993) that minimizes R-space values in low k-space. Each data set was read into the WinXAS analysis package (version 1.3, Ressler, 1998) . Replicate scans were coadded to improve S/N. The XANES and the k 3 -weighted EXAFS (chi) spectra were compared with spectra from the Mn standards. The chi data were Fourier transformed (FT) to yield R-space or radial distribution function plots. Simulated EXAFS spectra were also generated on the basis of the documented crystallographic properties for U and Mn 2ϩ using ab initio-based theory, which involved FEFF 7.2 (Rehr and Albers, 1990; de Leon et al., 1991; Rehr et al., 1991; Stern et al., 1995) .
RESULTS
Oxidation of Biogenic UO 2 (s) by Mn Oxides
An excess of pyrolusite (50 mmol/L as Mn; 3.92 m 2 L Ϫ1 ) and bixbyite (20 mmol/L as Mn; 84.4 m 2 /L) extensively oxidized biogenic uraninite (360 mol/L; Fig. 2 ). The rate of oxidation was more rapid with the bixbyite (Fig. 2 ) because of the greater surface area concentration of its suspension and, possibly, higher Mn(III) content. Both oxides showed an initial (1 to 3 h) rapid oxidation of U(IV) to soluble U(VI), followed by an extended slower rate of oxidation. The pyrolusite quantitatively (364 Ϯ 2 mol/L U[VI]) oxidized the biogenic uraninite within 7 d (data not shown). The initial pH in this and subsequent experiments was 7.1 and was buffered by the 30 mmol/L bicarbonate. The pH would not be expected to change significantly over the course of the experiments, except in cases in which the Mn oxides were reduced to a large extent.
In a separate experiment, UO 2 (s) was equilibrated with varying concentrations of pyrolusite, from 0.44 to 8.8 g L
Ϫ1
␤-MnO 2 , for 24 h. After this period, aqueous U(VI) and 0.5 N HCl-extractable Mn were measured (Fig. 3 ). Control experiments revealed that only 95 mol/L Mn in unreduced pyrolusite was soluble in 0.5 N HCl. The oxidation of UO 2 was clearly promoted by increasing concentrations of Mn(IV) oxide, and the higher amounts of U oxidation corresponded directly to higher concentrations of 0.5 N HCl-extractable Mn. After correcting for the controls, there was good stoichiometric agreement between the oxidation of U(IV) to U(VI) and the reduction of Mn(IV) to Mn(II). The ratio of U(VI) to HCl-extractable Mn was 1.2 and 0.97 for the 4.4 and 8.8 g L Ϫ1 mmol/L ␤-MnO 2 suspensions, respectively, as expected for stoichiometric two-electron transfer. The ratio of U(VI) to HCl-extractable Mn was 0.5 for the suspension with 0.44 mg L Ϫ1 pyrolusite. The reason for the deviation from one at the lower pyrolusite concentration is unclear. 
Microbial Reduction of Uranyl Acetate in the Absence and Presence of Gibbsite (Al[OH] 3 )
The reduction rates of varying concentrations of U(VI) acetate by S. putrefaciens CN32 were determined in the absence and presence of gibbsite to establish baselines for assessing the effects of the Mn oxides on the bioreduction process. Gibbsite was used as a non-redox-active phase to determine the effects of mineral surfaces on U(VI) bioreduction. At a concentration of 1.08 g L Ϫ1 , the total surface area provided by the gibbsite (0.039 m 2 /15 mL) was equivalent to that of pyrolusite in the subsequent experiments. Gibbsite does differ in its surface properties from pyrolusite, generally exhibiting a higher positive charge density at the pH of the experiments than pyrolusite. U(VI) was quantitatively removed from solution by bacterial reduction within 8 h at concentrations ranging from 50 to 500 mol/L (Fig. 4) , regardless of whether gibbsite was absent (Fig. 4a) or present (Fig. 4b) . In contrast, the rate of U(VI) reduction at 1 mmol/L was slower in the presence of the gibbsite for reasons that are unknown to us at the present time. Nonetheless, U(VI) was quantitatively reduced by CN32 within 24 h in both treatments (later time points not shown). The results of abiotic control experiments conducted under identical conditions but without the bacteria indicated that Ͻ0.5% of the starting U(VI) was removed from solution, except at the highest concentration, 1 mmol/L U(VI), at which abiotic processes such as sorption removed ϳ7%.
Influence of Mn(III/IV) Oxides on the Bacterial Reduction of U(VI)
In contrast to the gibbsite, pyrolusite at 4.35 g L Ϫ1 slowed the reduction of U(VI) by CN32 at all U concentrations investigated (Fig. 5a ). With the exception of the highest U(VI) concentration (1 mmol/L), Ͼ95% of the initial U(VI) in the gibbsite (Ϫ) or gibbsite (ϩ) experiments had been reduced after 4 h, and the U(VI)(aq) concentrations were below detection after 8 h (Fig. 4) . In the pyrolusite suspensions, only 26 to 46% of the initial U(VI) at the various concentrations examined had been reduced within 4 h. Even after 12 h, between 16 and 62% of the initial U(VI) remained in solution for the various treatments. Although the sorption of U(VI) to pyrolusite was not investigated directly, in similar experiments with pyrolusite and 250 mol/L U(VI) in 30 mmol/L, pH 7.1 bicarbonate buffer with 25 mmol/L Na lactate as the electron donor, the loss of U(VI) from solution attributable to abiotic processes such as sorption was Ͻ4%.
Concurrent with the slower rates of U(VI) reduction were increases in the concentration of 0.5 N HCl-extractable Mn. Increasing initial concentrations of U(VI) corresponded directly to increasing concentrations of HCl-extractable Mn with time ( Fig. 5b) . Relatively little pyrolusite was reduced in the absence of U(VI) over the first 12 h of the experiment. Analyses following extended (21 d) incubation revealed that the U(VI) concentration had decreased to below detection in both the 500-mol/L and 1-mmol/L U(VI) treatments and that the HCl-extractable Mn concentrations had increased significantly, to 1.7 and 3.4 mmol/L, respectively, for these same U concentrations (Table 1) .
To determine the generality of the pyrolusite results and to qualitatively address the effects of valence, structural, and surface properties of the Mn oxides on bacterial U(VI) reduction, experiments were conducted with birnessite (K 4 Mn 14 O 27 ⅐ 8H 2 O) and bixbyite (Mn 2 O 3 ) with U(VI) at 500 mol/L and 1 mmol/L. Similar to the experiment with pyrolusite, both birnessite and bixbyite (Fig. 6a) inhibited the reduction of U(VI) by CN32, and U(VI) enhanced the reduction of Mn, as determined by increases in the CuSO 4 -extractable Mn fraction with time (Fig. 6b) . The concentrations of CuSO 4 -extractable Mn were higher for the bixbyite than the birnessite for all treatments, including the control that lacked U(VI), despite the common surface area of the two suspensions (i.e., 84 m 2 L Ϫ1 ). The rates of U(VI) reduction, however, were virtually identical in both the birnessite and bixbyite suspensions for both concentrations of U(VI) studied. Birnessite and bixbyite retarded the bioreduction of U(VI) more than did pyrolusite. In contrast to pyrolusite, some soluble U(VI) remained in solution even after long-term (21 d) incubation with both the birnessite and bixbyite (Table 1) . As an illustration of the stability of the pH in the bicarbonate buffer used in these experiments, the pH increased only modestly from 7.1 to 7.4 in the bixbyite suspension with 1 mmol/L U(VI).
An experiment was also conducted with biogenic Mn(IV) oxide from the oxidation of Mn(II) by Bacillus sp. strain SG-1 (Nealson and Ford, 1980) . This oxide is predominantly Mn(IV), probably vernadite (␦-MnO 2 ) or one with a similar Mn(IV) local structure (e.g., birnessite; Bargar et al., 2000) . Vernadite is a hydrous, slightly crystalline material exhibiting two diffraction lines that are dissimilar to birnessite. A kinetic experiment was performed with the biogenic oxide like those reported in Fig. 6 with an initial concentration of 500 mol/L U(VI) and biogenic MnO 2 at 1.04 g L Ϫ1 . After 7 d, 248 (Ϯ3.2) mol/L U(VI) remained in solution, and the soluble Mn concentration increased from 41 mol/L at the time of cell inoculation to 301 mol/L after 7 d. Thus, the biogenic MnO 2 was equally or more reactive with U(IV) than were the synthetic Mn Table 1 . Soluble U(VI) and Mn(II) after long-term (21 d) incubation of Mn oxides and U(VI) with Shewanella putrefaciens strain CN32. oxides (Table 1) , although the surface area was not measured, complicating direct comparisons.
Mn XANES analyses provide information on oxidation state and some information about the local structural environment of the Mn in our sample. The Mn XANES analyses of solids from the pyrolusite suspensions incubated with CN32 and 500 mol/L U(VI)-acetate revealed spectra that were similar to unreduced pyrolusite (Fig. 7a) , although the white line and other postedge features in the XANES spectra for this treatment were decreased relative to that of the pyrolusite standard. This similarity to unreduced pyrolusite was consistent with the relatively small amount of HCl-extractable Mn (Ͻ2%) that was measured in these samples (Fig. 5b) . In contrast, bioreduced suspensions containing birnessite or bixbyite gave rise to spectra (Figs. 7b and 7c, respectively) that were similar to biogenic rhodochrosite (MnCO 3 ). However, the postedge spectral features in the XANES spectra for these two treatments were less pronounced than that of the biogenic MnCO 3 . Rhodochrosite is a kinetically viable Mn(II) precipitate in bicarbonate buffer (Johnson, 1982) . It is also the thermodynamically stable phase in our experiments at the final pe and pH values at the given Mn(II) and carbonate concentrations. In the abiotic experiment in which UO 2 (s) was allowed to react with an excess of bixbyite (Fig. 2) , the Mn XANES spectra were nearly identical to that for unreacted bixbyite (Fig. 7d) .
The Mn EXAFS analyses provide additional speciation information about the Mn solids in the samples after treatment. Specifically, the Mn EXAFS data provide highly detailed atomscale information on the local structural environment of the Mn in our samples. The k 3 -weighted Mn EXAFS data for the biotic pyrolusite treatment (Fig. 8a) show some similarities to those of the pyrolusite standard and the simulated pyrolusite spectra, but the amplitudes of the oscillations are small relative to the pyrolusite standard and simulation. Linear combinations of pyrolusite and biogenic MnCO 3 spectra did not adequately simulate these spectra. Linear combinations were not performed with the chi data for the bioreduced birnessite, because the spectra had a strong similarity to that of MnCO 3 (Fig. 8b) . The chi data for the bioreduced bixbyite treatments (Fig. 8c ) could be simulated with a roughly 50:50 combination of the MnCO 3 and bixbyite spectra, but only up to chi values of ϳ8 Å Ϫ1 (linear combination data not shown). In contrast to this biotic bixbyite treatment, the chi data for the abiotic control with bixbyite (Fig. 8d) indicate that the bixbyite did not undergo changes in Mn speciation.
The FT data for the biotic pyrolusite sample indicate that it is rich in pyrolusite and contains little MnCO 3 (compare Fig. 9a with MnCO 3 spectra in Fig. 9b ). The FT data for the biotic bixbyite sample indicate that there is considerable destructive interference, but peaks from bixbyite and MnCO 3 phases dom- 
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Influence of Mn oxides on microbial U(VI) reaction inate the spectra (Fig. 9b) . The FT data for the biotic birnessite treatment show almost complete conversion to MnCO 3 (Fig.  9c) . The FT data for the abiotic bixbyite treatment (not shown) showed that the control did not undergo transformation to another phase during the experiment. We did have initial concern that bixbyite might transform to a more stable Mn(III/IV) phase. Collectively, the results of the EXAFS analyses demonstrated that the pyrolusite treatments were more resistant to bioreduction than were bixbyite or birnessite and that in the absence of microbial reduction, the bixbyite did not change to other oxide phases during incubation.
TEM Analyses of U Localization in Cell and Cell-Mn Oxide Suspensions
In the absence of Mn(III/IV) oxide, thin sections of fixed and embedded cell suspensions indicated that the U(IV) was present as fine-grained precipitates external to the cell, as well as in association with cell walls (Figs. 10a and 10b ). This fine-grained biogenic U(IV) precipitate was previously demonstrated to be uraninite (UO 2 [s]) by XRD and XANES . There was no evidence among the images examined to suggest that some cells had lysed, possibly accounting for the extracellular UO 2 (s).
In the CN32 cell suspensions incubated with U(VI) and birnessite, in which the rate of U(VI) reduction was impeded (Fig. 6) , the distribution of U(IV) was quite different from those incubated without the Mn(III/IV) oxides. Most notable was the absence of fine-grained extracellular U(IV) precipitate and the presence of U(IV) exclusively in association with cells in the suspensions with bixbyite (Fig. 10c) or birnessite (Fig.  10d) . Consistent with the Mn XANES and EXAFS analyses, rhombohedral rhodochrosite particles were observed in the bioreduced suspension of bixbyite (Fig. 10c) .
Higher resolution images of cells in the bixbyite suspensions revealed a heavy accumulation of U(IV) in the periplasm of the cells (Figs. 10e and 10f) . The composition of these phases was predominantly U and lacked any detectable Mn, as determined by energy-dispersive spectroscopy (EDS). The extracellular crystallites in Figures 10c and 10d were Mn oxide particles that did not contain detectable levels of U, as determined by EDS. High-resolution TEM revealed the fine-grained nature of the periplasmic material that yielded lattice fringe images with d-spacings consistent with uraninite (not shown).
DISCUSSION
Bioreduction of U(VI)
Suspensions of the subsurface bacterium S. putrefaciens CN32 quantitatively reduce aqueous U(VI) (50 mol/L to 1 mmol/L) in pH 7 HCO 3 Ϫ buffer to insoluble (0.2 m-filter- able) species in Ͻ24 h when provided excess H 2 as an electron donor (Liu et al., 2002) . The rates of U(VI) reduction in the absence of solids conform to Michaelis-Menten kinetics with K s ϭ 350 mol/L and V m ϭ 200 mol/L h Ϫ1 (Liu et al., 2002) . Analyses of bulk bioreduced U by XRD and XANES reveal that the product is predominantly UO 2ϩx (uraninite), where x is Ͻ0.1 . The biogenic uraninite is fine grained, with a nominal particle size of 10 nm or less. It exists as an extracellular precipitate and in the periplasmic space (Figs. 10a and 10b) . In experiments investigating the reduction of TcO 4 Ϫ by CN32 or Geobacter sulfurreducens, similar distributions of reduced Tc, probably as TcO 2 , were observed in cell suspensions incubated with H 2 as the electron donor (Wildung et al., 2000) .
The above-noted distribution of biogenic UO 2ϩx is consistent with the current understanding of electron transfer mechanisms in metal-reducing bacteria that indicate that metalreductase activity is associated with the cell membrane, Fig. 9 . Fourier-transformed Mn X-ray absorption fine structure spectra of bioreduced Mn oxides and U(VI) relative to unreduced pyrolusite, FEFF simulations for pyrolusite, unreduced bixbyite, and biogenic rhodochrosite standards: (a) pyrolusite, (b) birnessite, and (c) bixbyite and birnessite (abiotic bixbyite control spectra not shown). All spectra are uncorrected for phase shift.
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Influence of Mn oxides on microbial U(VI) reaction periplasmic space, and OM. Under anaerobic conditions, metalreducing bacteria link proton translocation to metal respiration, a process that yields sufficient energy for ATP synthesis. In most Gram-negative bacteria, respiratory cytochromes reside in the cell or inner membrane and in the periplasmic space. However, in S. oneidensis MR-1, ferric reductase activity is also associated with the OM (Beliaev and Saffarini, 1998) . OM cytochromes have been repeatedly isolated from Shewanella strains that were cultured anaerobically (Myers and Myers, 1988 , 1992 ). An OM c-type cytochrome, omcA, was released by Shewanella frigidimarina into solution during incubation, suggesting that this cytochrome was associated with the exterior face of the OM and may function as a terminal reductase during Fe(III) reduction (Field et al., 2000) . In G. sulfurreducens, ferric reductase activity is associated with OM fractions (Magnuson et al., 2000) , possibly the outside of the OM (Gaspard et al., 1998) . Outward-facing OM-associated cytochromes may facilitate the transfer of electrons from the electron transport system of the bacteria to surface functional groups on the surfaces of insoluble Fe(III) and Mn(III/IV). Electron-accepting metals, such as U(VI) or Tc(VII), are soluble in their most oxidized form and are free to engage with electron transfer proteins, whether they are localized in the periplasm or the OM. Because of their low solubility, U(IV) or Tc(IV) probably precipitate at or near the site of reduction. However, the rate of UO 2 (s) precipitation relative to the rate of microbial U(VI) reduction is not known. In experiments with Geobacter metallireducens, U(IV) produced as a result of bacterial reduction passed through a 0.2-m filter during the early stages (ϳ7 h) of reduction, but thereafter was completely filterable (Gorby and Lovley, 1992) . These results suggest that UO 2 (s) precipitation kinetics may be slower than bacterial reduction or that the initial precipitates are colloidal (Ͻ0.2 m). Whether the Ͻ0.2-m U(IV) is an aqueous species or a colloidal phase is unknown, but the observations suggest the production of an initially mobile U(IV) species that may diffuse from the periplasm or cell surface to the bulk medium before precipitation and aggregation into larger crystallites.
Abiotic Reactions
In the absence of microbiological activity, bixbyite and pyrolusite oxidized biogenic UO 2 (s) to soluble U(VI) species in bicarbonate buffer in suspensions that were constantly mixed (Fig. 1) . These experimental results are consistent with the reduction potentials of U(VI) and the Mn(III/IV) oxides (Table  2 ). The thermodynamic data of Robie et al. (1978) indicate that birnessite is the strongest oxidant under the experimental conditions (e.g., Eh at pH 7), followed by bixbyite and pyrolusite, which exhibit nearly identical s values. Additional calculations using the half-cell potentials for pyrolusite and the U(VI)-U(IV) system and solubility products for MnO 2 (s), MnCO 3 (s), and UO 2 (s) underscore the strong oxidizing potential of Mn(IV) and indicate that 5 log units in pe separate the stability region of UO 2 (s) and MnO 2 (s) (Fig. 11) . None of the Mn(III/ IV) oxides can coexist with UO 2 (s) at equilibrium.
The computed concentration of U(IV)(aq) (log [C] Յ 10 Ϫ10 mol L Ϫ1 ; Fig. 11 ) highlights the low solubility of UO 2 (s) and the potential effectiveness of U(VI) bioreduction as a remedial strategy. Even though pyrolusite has a higher oxidation potential, bixbyite was more reactive with the biogenic UO 2 (s). We surmise that this was at least in part a surface area effect. The total surface area concentration of the bixbyite suspension (84.4 m 2 L Ϫ1 ) was more than 20-fold greater than the pyrolusite suspension (3.9 m 2 L Ϫ1 ). Other factors, however, may also have been at play, such as differences in (a) surface site densities of reactive functional groups, as controlled by crystallite structure, morphology, and defect density; (b) interfacial electron transfer rates; or (c) Mn oxidation state. Also, there is evidence to suggest that Mn(III) centers may be involved in the oxidation of Cr(III) to Cr(VI) by birnessite (Nico and Zasoski, 2000) . If true, this could explain in part why the bixbyite was especially reactive with the biogenic UO 2 (s).
While the reduction potentials of U(IV)/U(VI) indicate that the Mn(III/IV) oxides should be effective oxidants of U(IV), the fact that both the Mn oxides and biogenic UO 2 (s) are poorly soluble at circumneutral pH provided uncertainty as to whether these reactions would proceed and to what extent. The electron transfer process probably involved grain-to-grain contact and coordinative interactions between surface functional groups on the two dissimilar solid phases. Surface contact between the two solid phases was facilitated in our experiments by continuous shaking. The high surface area and small particle size (ϳ10 nm) of the biogenic UO 2 (s) may have allowed its collection (e.g., sorption) by the larger Mn(III/IV) oxide particles. The 2.6 ϫ 10 Ϫ2 mol L Ϫ1 bicarbonate buffer enhanced the release of U(VI) from the UO 2 (s) surface and minimized surface passivation through the formation of aqueous U(VI)-carbonate complexes.
The extent to which these complex interparticle electron transfer reactions may occur in situ will depend on the form and physical distribution of U(IV) and the spatial locations of metal-reducing bacteria in relation to the Mn oxides. In soils and sediments, Mn(III/IV) oxides occur as immobile coatings or microparticulate precipitates on larger grain surfaces, as Wielinga et al. (2000) . g Thermodynamic data from Lindsay (1979) .
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Influence of Mn oxides on microbial U(VI) reaction interparticle cements (Zachara et al., 1995) , and as deposits in fractures and veins (McKenzie, 1989) . Their capacity to function as oxidants for organic and inorganic ions is dependent on their exposed surface area; the properties of the exposed surfaces, such as charge type and distribution; and physical contact that allows electron transfer through coordinative interaction. While soluble species are more likely to come in contact with Mn(III/IV) oxides through water advection or diffusion, colloids of sparingly soluble reduced metals and radionuclides (e.g., U, Tc, and Pu) can also be mobile (McCarthy and Zachara, 1989 ) and able to physically contact oxidizing mineral surfaces. It is not currently known whether biogenic UO 2 (s) has potential for dispersion and colloid migration in subsurface systems. Clearly, it will be important to more thoroughly investigate the speciation and fate of U(IV), particularly during the early phases of bacterial reduction, to better predict U fate during in situ bioreduction.
Microbial reduction of Mn(IV) could potentially contribute to the oxidation of solid-phase U(IV) by forming soluble Mn(III) complexes as intermediates in the reduction of Mn(IV) oxides (Ehrlich, 1987) . These complexes could subsequently react with U(IV). Although Mn(III) is generally present as a discrete (e.g., MnOOH) or mixed solid phases with Mn(IV) (e.g., bixbyite), aqueous Mn(III) complexes with strong ligands may be present in soil extracts and in aquatic environments (Luther et al., 1994) . Aqueous complexes such as Mn(III)-pyrophosphate may be important environmental oxidants, even if short lived (Kostka et al., 1995) .
Mn Oxide Impact on U Bioreduction
Mn(III/IV) oxides may affect microbial U(VI) reduction by several mechanisms. One mechanism is the oxidation of biogenic UO 2 (s) by Mn(III/IV), as discussed above. Another mechanism is by competition for liberated electron equivalents. Both Mn(III) (Kostka et al., 1995) and Mn(IV) (Nealson and Saffarini, 1994) can serve as terminal electron acceptors for S. putrefaciens during anaerobic respiration. Although Mn(III) and Mn(IV) are thermodynamically favored (i.e., the potential energy gain is higher) as electron acceptors relative to U(VI) (Table 2), the oxidized forms of Mn are poorly soluble at circumneutral pH. Hence, the bioavailability of Mn(III/IV) may be significantly lower than soluble U(VI) complexes.
Insights into the relative bioavailability of the various Mn(III/IV) oxides used in the studies reported herein can be gained by examining the extent of their reduction in the absence of U (Figs. 5 and 6). Pyrolusite was poorly reducible in the absence of U(VI): The concentration of 0.5 N HCl-extractable Mn following incubation for 50 h that could be attributed to bioreduction was 711 mol/L. Birnessite was also poorly available: Only 161 mol/L CuSO 4 -extractable Mn were produced after 21 d, while bixbyite was the most reducible of the three oxides at 850 mol/L. The greater reducibility of bixbyite was not expected on the basis of thermodynamic properties ( Table 2 ). The differences in the bioreducibility of the three oxides may therefore be attributed to other factors such as suspension surface area (e.g., 3.92 m 2 L Ϫ1 for pyrolusite vs. 84.4 m 2 L Ϫ1 for bixbyite and birnessite), crystal structure, and structural disorder. Of these, the latter two factors appear most significant. Pyrolusite is the most ordered phase of the three oxides studied, and exhibits a stable tetragonal rutile structure with corner-sharing Mn octahedra. Birnessites, in contrast, are poorly ordered phyllomanganates with edge-sharing Mn octahedra with large structural and stoichiometric variations (Potter and Rossman, 1979; Souff and Boulegue, 1988; McKenzie, Fig. 11 . Computed equilibrium valence speciation of U and Mn at pH 7 as a function of overall redox potential (pe).
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J. K. Fredrickson et al. 1989 ). Little has been published on the structure of bixbyite, but our XRD patterns (Fig. 1 ) indicated that the phase was significantly disordered. Despite differences in medium, oxide concentration and properties, and organism type, our results were in good agreement with those of Burdige et al. (1992) , who found a similar range in concentrations of Mn(II) resulting from the reduction of pyrolusite and birnessite by S. putrefaciens MR-1 after incubation for 10 d. Our studies and those of Burdige et al. (1992) , however, indicate that the mineralogic and surface chemical factors controlling the bioreduction of different Mn oxides are not well understood. In addition, investigations are required to determine whether naturally occurring Mn oxides may be more susceptible to microbial reduction than their synthetic counterparts, as has been observed for some crystalline Fe(III) oxides . As shown in Figures 5 to 7 , we observed that birnessite and bixbyite (at 84 m 2 L Ϫ1 ) affected U(VI) reduction to an identical extent, while pyrolusite (at 3.4 m 2 L Ϫ1 ) allowed more rapid U(VI) bioreduction. These results implied that the total surface area of the Mn(III/IV) oxide phase, rather than its structure or thermodynamic/surface properties, was the most important factor controlling the impact on U(VI) bioreduction. We concluded, therefore, that U(IV) oxidation by the Mn(III/IV) oxide surface, rather than electron acceptor competition, was the primary causal mechanism for the retardation of U(VI) bioreduction. Hence, the rate of biologic U(VI) reduction may have been similar in the presence and absence of Mn oxides, but the net rate of reduction was significantly lower because of the oxidation of U(IV) by the oxides.
The reduction of Mn increased with increasing U(VI) concentration regardless of Mn oxide type, suggesting that U(IV) was facilitating electron transfer from the bacterial cells to the oxide surfaces. Although the specific mechanisms remain unclear, the results indicate that U(IV) was functioning as an electron shuttle, similar to the manner in which humic acids, AQDS, and other quinone-containing organic compounds promote the rate and extent of reduction of Fe(III) oxides Zachara et al., 1998) . Quinones can serve as electron acceptors for DMRB (Lovley et al., 1996) and in the process are reduced to hydroquinones (Scott et al., 1998 ) that function as facile reductants of Fe(III) oxides (Kung and McBride, 1988b) and Mn(III/IV) (Stone and Morgan, 1984; Kung and McBride, 1988a) . In contrast to the water-soluble quinones, the solubility of U(IV) is low (Fig. 11) , and as a result, the U(IV) pool increases with incubation time because some portion of the biogenic precipitate is no longer available to react with the Mn oxides. In the case of pyrolusite, no soluble U(VI) was present in suspensions with 0.5 or 1 mmol/L initial U(VI) after 21 d of incubation, despite an excess of Mn(IV). These suspensions are in thermodynamic disequilibrium with respect to Mn(IV) oxide and UO 2 (s) (Fig. 11) .
Mechanistic insights into the disequilibrium are afforded by the TEM images of sectioned bacteria-mineral suspensions (Fig. 10) . In the absence of Mn oxide, UO 2 (s) is present extracellularly, in association with the cell surface, and within the periplasmic space of the cells. In contrast, UO 2 (s) in cell suspensions with Mn oxide was exclusively localized within the periplasmic space. UO 2 (s) accumulation within the cell periplasm provides direct evidence for the physical separation of UO 2 (s) and the Mn oxide particles. A conceptual model for these observations includes the oxidation of extracellular UO 2 (s) by the Mn oxides to U(VI), resulting in the formation of soluble U(VI) carbonate species that are free to diffuse into the periplasm, where they are subject, again, to enzymatic reduction. This process can continue until all of the U is precipitated as UO 2 (s) within the periplasm, the electron donor is exhausted, the cells become nonviable, or the surfaces of the Mn oxides are no longer reactive.
The high density of UO 2 (s) within the cell (Figs. 10e and  10f) is quite remarkable and indicates that the bacteria have a high tolerance for this mineral in their periplasm; they can sustain enzymatic activity in spite of massive UO 2 (s) accumulation. The maximum U accumulation before enzymatic activity ceases in the periplasm and cells become nonviable is unknown; the viability of the cells in our suspensions was not determined. Small solutes typically enter the periplasmic space of Gram-negative bacteria via diffusion through porins in the OM that typically have diameters in the range of 1 nm (Nikaido, 1992) . These porins likely restrict the movement of UO 2 (s) from the periplasm to outside the cell, although the relatively small particle size (Ͻ10 nm) and slow precipitation and aggregation relative to reduction (Gorby and Lovley, 1992) may allow some export. There is currently little information available regarding the transport of solids through porins. Whether the extracellular UO 2 (s) observed in the absence of Mn oxide is derived from U(VI) reduced external to the cells by OM-associated cytochromes or biogenic water soluble quinones or is exported from the periplasm before precipitation or aggregation is currently unknown.
Mn oxides have a significant capacity for sorption of Mn(II) (Morgan and Stumm, 1964) , a reaction that occurs rapidly (Ͻ1 s) at pH 5 (Fendorf et al., 1993) . It is not known whether the sorption of Mn(II) influenced the rate and extent of U(IV) oxidation in this study; however, the circumneutral pH of our experiments was conducive to Mn(II) sorption (Stone and Ulrich, 1989) . Mn(II) sorption has potential to passivate the oxide surfaces against further redox reactions by complexing with reactive sites on the oxide surface and altering surface charge characteristics. The oxidation of Cr(III), added as Cr(NO 3 ) 3 , by birnessite was not affected by presorption of Mn(II) at either pH 3 or 5 (Fendorf et al., 1993) , possibly because of relatively low sorption of Mn(II) to the Mn oxide surface compared to Cr(III). While Mn oxides can facilitate the oxidation of Cr(III), the extent of the reaction is a complex function of Cr concentration, solubility, pH, surface area, and ionic strength (Fendorf and Zasoski, 1992) . Although surface poisoning by Mn(II) was not a factor in the catalytic activity of pyrolusite toward oxidation of Co(II)EDTA 2Ϫ , an intermediate Mn(III) oxide surface complex appeared to slow the oxidation rate (Jardine and Taylor, 1995) . It is also possible that Mn oxide surfaces could be physically blocked from interacting with U(IV) by surface precipitation of MnCO 3 (s), although the TEM images indicate that rhodochrosite was present as distinct crystallites in the oxide-bacteria suspensions (Fig. 10c) .
IMPLICATIONS TO IN SITU U BIOIMMOBILIZATION
Mn(III/IV) oxides were shown to rapidly and extensively oxidize biogenic UO 2 (s) in the absence of biologic activity. When suspensions of S. putrefaciens CN32 cells, Mn oxides 3259 Influence of Mn oxides on microbial U(VI) reaction (pyrolusite, birnessite, bixbyite, or a biogenic Mn oxide), U(VI), and H 2 as an electron donor were incubated, the reduction of U(VI) proceeded but was inhibited relative to suspensions without Mn oxide or with gibbsite. These results demonstrate that minor accessory mineral phases in soil or subsurface sediments can affect the in situ bioprecipitation of uranium. Mn(III/IV) oxides in particular may significantly inhibit the microbial reduction of U(VI) and its subsequent precipitation as UO 2 (s). Mn oxides are common secondary mineral phases in oxidizing terrestrial environments and are components of soils and sediments at DOE sites where U contamination of the subsurface is significant. Uranium is the most common radionuclide contaminant in groundwaters at DOE sites, and concentrations ranging from 0.001 g L Ϫ1 to 11.7 g L Ϫ1 have been reported. These locations include the Oak Ridge Site in eastern Tennessee and the Hanford Site (Swanson et al., 1999) in south central Washington. Subsurface soils and sediments at Oak Ridge (Arnseth and Turner, 1988) and Hanford (Zachara et al., 1995) contain as much as 0.1 and 1.5% (wt./wt.) dithionitecitrate-bicarbonate-extractable Mn, respectively. Mn oxides (primarily todorokite) associated with Hanford Ringold Formation sediments were implicated in the oxidation of Co(I-I)EDTA 2Ϫ to more mobile Co(III)EDTA Ϫ in laboratory experiments (Zachara et al., 1995) .
A potential mechanism whereby biogenically precipitated UO 2 (s) may be physically prevented from contact with Mn oxides is via accumulation in the periplasm of metal-reducing bacterial cells. Although our experiments focused on S. putrefaciens CN32, preliminary evidence suggests that UO 2 (s) also accumulates in the periplasm of G. sulfurreducens cells during the reduction of U (unpublished results), suggesting that this phenomenon may be common in DMRB. Geobacter species are believed to be relatively common inhabitants of aquifers (Snoeyenbos-West et al., 2000) and therefore may be relevant organisms for the in situ bioreduction of uranium and other metals. In addition to U(VI), Tc(VII)O 4 Ϫ that is enzymatically reduced by some DMRB also accumulates as a precipitate in the periplasm (Wildung et al., 2000) . Periplasm and cell surface accumulation of U(IV) and Tc(IV) are consistent with current models of enzymatic metal reduction in Shewanella and Geobacter species.
The impact of mineral precipitation in the periplasm on enzyme function and cell viability is unknown, although on the basis of the TEM images, it appears that CN32 can tolerate relatively high periplasmic concentrations of UO 2 (s). As cells age and die or grow and divide, the fate of periplasmic UO 2 (s) is difficult to predict. The UO 2 (s) may be released as colloids when cells die and lyse. Dividing cells are unlikely to release their periplasmic contents, although Gram-negative bacteria have been known to shed parts of their OM as vesicles (Beveridge, 1999; Kadurugamuwa and Beveridge, 1999) . These vesicles may contain periplasmic enzymes (Negrete-Abascal et al., 2000) and presumably could contain mineral precipitate as well. Although we did not observe membrane vesicles in our studies, they are present in CN32 cultures (Y. Gorby, personal communication) . The periplasmic precipitation of U (and Tc) is intriguing and potentially significant to in situ contaminant stabilization and warrants further investigation with regard to the postreduction fate of reduced biominerals.
Fe(III) oxides are often in equal or greater abundance in soils and sediments than Mn(III/IV) oxides and may also affect the fate of U during bioreduction. The presence of ferrihydrite, probably because of its poorly crystalline nature and relative availability as an electron acceptor, inhibits bacterial U reduction (Wielinga et al., 2000) . However, the crystalline goethite has little effect Wielinga et al., 2000) . More recently, biogenic Fe(II) associated with solid phases has been shown to indirectly reduce U(VI) and Tc(VII) (Lloyd et al., 2000) . The fact that Fe(III) and Mn(III/IV) oxides commonly occur in direct association even further complicates the prediction of in situ bioreduction processes. In addition to U(VI), Mn(III/IV) oxides can also oxidize Fe(II). The presence of Mn(III/IV) oxides has been shown to impede the formation of Fe(II) by DMRB (Myers and Nealson, 1988) , probably via the rapid oxidation of biogenic Fe(II) (Lovley and Phillips, 1988; Myers and Nealson, 1988; Kostka et al., 1995) . Although the extent to which Mn(III/IV) and Fe(III) oxides may jointly affect the in situ microbial reduction of U(VI) is unknown, it is clear that metal reduction and mineral precipitation processes at the cellular level can have an important role.
